Introduction
Numerous neurological disorders are associated with serum autoantibody markers, but few have been shown to be antibody mediated by directly demonstrating pathogenicity of the marker antibody. Proof that antibodies specific for the muscle nicotinic acetylcholine receptor (AChR) were the cause of myasthenia gravis required developing animal models of experimental autoimmune myasthenia gravis (Patrick and Lindstrom, 1973; Lennon et al., 1975) . Passive transfer of muscle AChR antibodies to small rodents reproduces the clinical phenotype and the characteristic electrophysiological defect of neuromuscular junction transmission (Lindstrom et al., 1976; Toyka et al., 1977; Lennon and Lambert, 1980) . Fast synaptic transmission through autonomic ganglia is mediated by neuronal nicotinic AChRs that are structurally similar to the muscle AChR. The ganglionic AChR is a pentameric ion channel receptor typically composed of two ␣3 subunits in combination with ␤4 subunits (Patrick et al., 1993) . Transgenic mice that are homozygous for null mutations in the ␣3 gene lack ganglionic AChRs and have profound autonomic dysfunction (Xu et al., 1999) .
The autonomic nervous system regulates cardiovascular, thermoregulatory, gastrointestinal (GI), and neuroendocrine function. Patients with autoimmune autonomic neuropathy (AAN) typically present with orthostatic hypotension, gastrointestinal dysmotility (commonly gastroparesis and severe constipation), anhidrosis, impaired pupillary light responses, dry eyes and dry mouth (sicca complex), and bladder dysfunction (Suarez et al., 1994; Klein et al., 2003) . In clinical studies, serum autoantibodies specific for the neuronal ganglionic AChR are found in ϳ50% of patients with AAN. The serum level of ganglionic AChR antibody correlates significantly with the severity of dysautonomia (Vernino et al., 2000) . These clinical observations suggest that ganglionic AChR antibodies are directly involved in the pathogenesis of AAN.
We developed an animal model of ganglionic AChR autoimmunity by immunizing rabbits with a recombinant neuronal AChR ␣3 subunit fusion protein . In response to a single immunization, rabbits develop experimental autoimmune autonomic neuropathy (EAAN), a chronic dysautonomic syndrome with prominent gastrointestinal dysmotility, urinary retention, impaired pupillary light reflex, reduced lacrimation, hypotension, impaired heart rate variability, and low plasma catecholamine levels Vernino et al., 2003) . To directly investigate whether or not autoimmune autonomic neuropathy is an antibody-mediated disorder, we exam-ined the clinical, autonomic, and electrophysiological phenotype of mice injected with ganglionic AChR IgG prepared from serum of rabbits with EAAN and from serum of patients with AAN.
Materials and Methods

Experimental methods
Immunization. Experimental protocols were approved by the Mayo Clinic Animal Care and Use Committee. Rabbit immunization was performed as described previously using a recombinant human neuronal AChR ␣3 subunit fusion protein, residues 1-205. Serum was pooled from three immunized rabbits with high ganglionic AChR antibody levels and overt clinical signs of EAAN. Serum pooled from three rabbits immunized with an unrelated fusion protein (neuronal calcium channel ␤4 subunit residues 419 -519) served as a control.
IgG preparation. IgG was isolated from each pool of rabbit serum by adsorption to protein A-Sepharose. Sera from three individual patients with AAN who were seropositive for ganglionic AChR antibody and from one healthy control donor were processed by adsorption to protein-G-Sepharose to isolate IgG. All IgG samples were subsequently eluted in acidic buffer, dialyzed into PBS, concentrated, and sterilized by filtration before administration to mice. IgG protein concentrations were determined by spectrophotometry. Each IgG preparation was tested for reactivity against human or mouse ganglionic AChR using a previously described radioimmunoprecipitation assay (Vernino et al., 1998) . Normal levels of ganglionic AChR binding activity in this assay are 0 -0.02 nmol/l. Human ganglionic AChR was solubilized from membranes of IMR-32 neuroblastoma cells grown as xenograft tumors in nude mice and was complexed with 125 I-epibatidine. Mouse AChR was solubilized from mouse S20 cells (a subclone of C1300 mouse neuroblastoma cell line) prepared the same way. The rabbit IgG pool was highly reactive with both human and mouse ganglionic AChR (54.0 and 1.13 mol/l, respectively). The human IgG preparations bound less avidly to both human (105, 44, and 24 nmol/l) and mouse ganglionic AChR (1.2, 0.7, and 1.0 nmol/l).
Male C57BL/6 mice were obtained at 6 -8 weeks of age (21-29 gm) from Jackson Laboratories (Bar Harbor, ME), had unrestricted access to food and water, and were allowed to acclimate to the research environment for at least 10 d before experimentation. They were weighed and examined daily starting 5 d before IgG injection. Experimental and control groups were matched so that initial body weights did not differ significantly between experimental groups. Mice received a single intraperitoneal injection of IgG (15 mg on experimental day 0). Recipients of rabbit IgG were autopsied 2-27 d later, and recipients of human IgG at 4 d after injection.
Quantitation of heart rate and heart rate variability. Starting 3 d before injection, electrocardiograms (ECGs) were recorded daily with mice resting in a quiet room in a plastic restrainer. Surface clip electrodes were applied to shaved sites over the dorsal midline and left sternal border with a ground disk electrode at the tail base. The ECG waveform was recorded using a preamplifier and amplifier (Axon Instruments, Union City, CA) and was digitized at 20 kHz for off-line analysis (Axotape software; Axon Instruments). Three minute epochs were analyzed by customized software to detect QRS complexes using a correlation function algorithm (Sahul et al., 2002) . Resting heart rate was calculated from mean R-R interval. From differences between successive R-R intervals, we calculated the root mean square of successive differences as a simple timedomain measure of heart rate variability that primarily reflects cardiovagal (parasympathetic) modulation of heart rate (Tuininga et al., 1995; Vernino et al., 2003) .
Assessment of GI motility and bladder function. Gastrointestinal motility was estimated using a simple transit study. Blue dye number 1 (40 -50 l) was administered by transoral gavage using an 18 gauge feeding needle. After 30 min, mice were killed by carbon dioxide inhalation. The small bowel was ligated, removed from the abdomen, and gently pulled straight. Blue dye within the stomach and small bowel was readily observed. The distance from the gastroduodenal junction to the dye front was measured and expressed as a fraction of the total length of the small bowel. A score of 100% was recorded if the dye reached the ileocecal junction, and 0% was recorded if the dye failed to leave the stomach. The stomach and urinary bladder were ligated, removed, and weighed.
Plasma analyses. At terminal anesthesia (isoflurane or carbon dioxide inhalation), blood was collected by cardiac puncture into tubes containing EDTA and reduced glutathione. The blood was centrifuged at 4°C, and plasma was stored at Ϫ80°C. Ganglionic AChR binding antibodies were quantitated by a previously described radioimmunoprecipitation assay (Vernino et al., 1998 (Vernino et al., , 2002 . The plasma concentration of norepinephrine was determined by HPLC analysis. Norepinephrine values in mice that were resting for 15-30 min under isoflurane anesthesia were considered to represent baseline resting values. Values in mice subjected to carbon dioxide inhalation were considered to represent levels of norepinephrine induced by metabolic and respiratory stress.
Electrophysiology. Neuronal activity in abdominal prevertebral ganglia was recorded and analyzed as described previously (Miller and Szurszewski, 1997) . At autopsy, a preparation of superior mesenteric ganglion (SMG) with attached lumbar colonic nerve and segment of colon was dissected rapidly and maintained in oxygenated Krebs solution at 37°C in a twocompartment organ bath. Intracellular recordings from ganglion neurons were made using glass microelectrodes filled with 3 M KCl (input resistance, 60 -100 M⍀). Membrane potential was recorded using a Duo 773 amplifier (World Precision Instruments, Sarasota, FL) and stored digitally (Digidata 1322A; Axon Instruments). The attached segment of colon was cannulated at both ends to allow colonic distension and measurement of resulting intraluminal pressure. The colon was distended by injecting warm Krebs solution to activate intestinofugal afferent neurons. The colonic distension stimulus used in these experiments has been shown to predominantly activate fast excitatory nicotinic synaptic input to SMG neurons (Miller and Szurszewski, 1997) . Electrophysiological data were analyzed by recording the presence and frequency of spontaneous and distension-evoked fast EPSPs (f-EPSPs) and the presence and amplitude of slow EPSPs (s-EPSPs) evoked by colonic distention.
Statistical analysis. Descriptive statistics are presented. Because some of the autonomic data were not normally distributed, the nonparametric rank sum test (Wilcoxon rank sum test) was used to compare values for autonomic measures between groups. Electrophysiological data were compared using two-tailed t test. Statistical analyses were performed using JMP software (version 5; SAS Institute, Cary, NC). p values Ͻ0.05 were considered significant.
Results
Mice injected with control rabbit IgG exhibited no evidence of autonomic failure. Mice injected with rabbit IgG containing ganglionic AChR antibodies developed reversible EAAN. Clinical deficits were maximal 3-5 d after injection. Spontaneous recovery was apparent by 10 -14 d after injection. Rabbit ganglionic AChR IgG in mouse blood declined with a half-life of 8 d and was still detectable 21 d after injection (Fig. 1a) . Table 1 summarizes the anatomical and physiological abnormalities found in EAAN mice compared with controls.
Autonomic function
No mouse injected with control rabbit IgG had significant weight loss. In contrast, mice injected with rabbit ganglionic AChR IgG lost up to 20% of total body weight in the 3 d after injection (Fig.  1b) . During this period, the EAAN mice were active and showed no evidence of weakness. In response to bright light, the pupils of EAAN mice remained dilated compared with control mice (Fig.  2a) . From day 5 onward, the EAAN mice regained weight. Within the first 7 d after injection, the stomachs of autopsied EAAN mice All data are mean Ϯ SEM (number of mice). rMSSD, Root mean square of successive differences in heart period, a measure of heart-rate variability; NE, plasma norepinephrine concentration. *p Ͻ 0.0001 compared with control mice (Wilcoxon rank sum test). a Except for body weight, data are from experimental days 2-7. b Data are from EAAN mice examined on experimental days 14 -27. c Data are from all mice except those killed before experimental day 3. Membrane potential of SMG neurons recorded using intracellular sharp microelectrodes. All SMG neurons from mice injected with rabbit control IgG (Control) showed spontaneous f-EPSPs and APs. When the attached segment of colon is distended (colonic intraluminal pressure is shown in the top trace), the frequency of f-EPSPs and APs increased. SMG neurons from mice injected 2-3 d earlier with rabbit ganglionic AChR IgG (EAAN) had normal resting membrane potential, but many showed no spontaneous or distension-evoked f-EPSPs or APs. Distention of the colon did elicit a slow membrane depolarization. In SMG neurons tested 27 d after injecting ganglionic AChR IgG (Recovery), spontaneous and distension-evoked f-EPSPs were present, and the frequencies of f-EPSPs and APs were higher than in control ganglia.
were enlarged, the small and large bowels were distended, and there was marked urinary retention (Fig. 2b) . On later days, there was gradual normalization of autopsy findings; by day 14, the urinary bladder size was normal (Fig. 1c) . Gastrointestinal transit studies in the first 7 d showed a reduction of intestinal transit distance in EAAN mice compared with controls. This also normalized at later time points. The heart rate of EAAN mice, evaluated using surface electrocardiography in awake mice, did not differ significantly from control mice. However, resting heart rate variability was reduced in EAAN mice, consistent with impairment of cardiac autonomic control. Heart rate variability recovered after experimental day 14. Measurements of resting and stress plasma norepinephrine concentrations at the time of autopsy provided a general measure of sympathetic autonomic tone. Resting levels were the same in EAAN and control mice. Norepinephrine levels increased markedly in control mice that were killed in stress conditions, but norepinephrine levels in stressed EAAN mice did not differ significantly from resting levels (Table 1) , indicating impairment in sympathetic autonomic reflexes.
Reversible impairment of ganglionic cholinergic synaptic transmission
To directly assess the effects of ganglionic AChR IgG on cholinergic synaptic transmission, we recorded activity from neurons in the SMG. These neurons receive excitatory cholinergic synaptic input from colonic intestinofugal afferent neurons, which produce fast EPSPs mediated by nicotinic AChRs (Miller and Szurszewski, 1997) . Some neurons in the mouse SMG also show slow noncholinergic depolarizations in response to colonic distension, which are mediated primarily by neuropeptides (Miller and Szurszewski, 1997) .
Electrical activity in SMG neurons of mice injected with rabbit ganglionic AChR IgG was significantly reduced compared with controls (Fig. 3, Table 2 ). All SMG neurons in control mice showed ongoing electrical activity consisting of fast EPSPs and action potentials (APs), and colonic distension increased the frequency of this activity. Neurons in ganglia of EAAN mice examined 2-3 d after administration of ganglionic AChR IgG had normal resting membrane potential, but only half showed spontaneous or distension-evoked fast EPSPs, whereas the number of neurons showing slow evoked EPSPs was not different from control. Among SMG neurons that did have fast EPSP activity, the frequency of EPSPs and action potentials was significantly reduced compared with controls (Table 2 ). These observations indicate a selective impairment of fast cholinergic synaptic activity in autonomic ganglia of EAAN mice. This cholinergic impairment was reversible (Fig. 3, Table 2 ). In ganglia of EAAN mice examined on day 27 after injection, all SMG neurons showed spontaneous and distension-evoked fast EPSPs. The frequency of fast EPSP and action potential discharges in ganglia of recovered mice was significantly higher than in control ganglia.
Effects of human IgG
Mice were injected with IgG prepared from three patients with AAN who were seropositive for ganglionic AChR antibodies and from one healthy control subject. No mouse exhibited clinical signs of dysautonomia, and none had significant weight loss. Mice receiving IgG from patient 1 were no different from control mice in any autonomic parameter studied. However, autonomic function assessment and autopsy findings were abnormal in mice injected with IgG from patients 2 and 3. On experimental day 4, these mice had bladder distention and reduced gastrointestinal transit compared with mice injected with control human IgG (Fig. 4) . Compared with control mice, those injected with IgG from patient 2 or patient 3 had reduced heart rate variability and lower stress levels of plasma norepinephrine, but these differences were not statistically significant.
Discussion
Mice injected systemically with IgG containing potent ganglionic AChR antibodies exhibit clinical, functional, and electrophysiological abnormalities consistent with failure of autonomic ganglionic cholinergic transmission. The disturbances of sympathetic, parasympathetic, and enteric autonomic function that we have documented in mice receiving IgG prepared from rabbits immunized with the major extracellular domain of recombinant ␣3 AChR subunit recapitulate the dysautonomia seen in patients with AAN (Vernino et al., 2000; Klein et al., 2003) and in rabbits with EAAN induced by active immunization with ganglionic AChR protein Vernino et al., 2003) . The pathophysiological abnormalities in mice injected with ganglionic AChR IgG are also similar to the autonomic deficits documented in transgenic mice that lack ganglionic AChRs (Xu et al., 1999) . Like ␣3 null mice, mice with EAAN induced by ␣3 subunit-reactive IgG have severe bowel hypomotility, dilated pu- pils, and extreme bladder distention associated with a selective deficit in ganglionic cholinergic neurotransmission. Thus far, IgG prepared from serum of patients with AAN and tested as a single injection in mice has been considerably less pathogenic than immune rabbit IgG. Ganglionic AChR binding capacity in the human IgG samples was Ͻ1% of the capacity of the rabbit IgG pool. The human IgGs were also less reactive with mouse than with human ganglionic AChR. Nevertheless, two of the three human ganglionic AChR IgG preparations that we tested induced mild but significant signs of dysautonomia, affecting the gut or urinary bladder. Interestingly, the human IgG with highest binding capacity for mouse and human AChR had no effect. This likely reflects reactivity with epitopes that are accessible in solubilized AChR but not to extracellular IgG in vivo. Polyclonal human autoantibodies reactive with synaptic ion channels may have limited reactivity with mouse antigens and may require multiple injections over days or weeks to cause objectively measurable deficits of synaptic transmission (Toyka et al., 1977; Lang et al., 1981; Lambert and Lennon, 1988; Lennon and Griesmann, 1989) . We anticipate that future protocols using multiple injections and the screening of IgG from a larger number of patients will demonstrate more severe dysautonomia in mice (Lambert and Lennon, 1988) . The data we present here support the concept that IgG is the cause of dysautonomia in at least some human cases of AAN.
Our electrophysiological findings demonstrate that IgGinduced impairment of synaptic transmission in prevertebral ganglia is selective for nicotinic cholinergic activity (slow noncholinergic EPSP activity was not affected) and is reversible. The reversibility of the electrophysiological deficit suggests that IgG acts by reducing the number of synaptic AChR through crosslinking, internalization, and accelerated degradation rather than by cytotoxic destruction of preganglionic or postganglionic autonomic neurons. A similar mechanism occurs at the neuromuscular junction with muscle AChR antibodies in experimental autoimmune myasthenia gravis (Lennon, 1977; Drachman et al., 1978) and with calcium channel antibodies in the LambertEaton myasthenic syndrome (Fukunaga et al., 1983) . We demonstrated in rabbits with EAAN induced by active immunization that impairment of cholinergic ganglionic synaptic transmission is associated with retention of viability and electrical excitability in the nonresponsive postganglionic autonomic neuron but a marked reduction of AChR in its surface membrane Vernino et al., 2003) .
Allosteric interference by IgG binding near the acetylcholinebinding site would be an alternative pathophysiological effect. This seems an unlikely mechanism of action, however, because the autonomic deficits did not peak until 3 d after IgG injection and also because the rabbit ganglionic AChR IgG preparation used in these experiments did not block binding of 125 I-labeled agonist (epibatidine) to ganglionic AChR (data not shown) in an in vitro blocking assay (Vernino et al., 2000) .
Unexpectedly, the frequency of spontaneous and distensionevoked synaptic activity in the SMG after recovery was increased relative to control recordings. This observation suggests that the electrophysiological properties of the enteric neural network can adapt to impairment in autonomic function. There are many possible explanations for this observation, including increased activity of the preganglionic intestinofugal afferent neurons, enhanced efficiency of ganglionic synaptic transmission, and changes in dendritic or synaptic architecture. One example of plasticity of ganglionic cholinergic synaptic transmission that has been described previously is the long-term potentiation response to tetanic stimulation (Briggs and McAfee, 1988; Bennett, 1994) . Additional studies are needed to characterize the nature of the adaptive changes that occur in the autonomic nervous system in response to IgG-mediated disruption of ganglionic synaptic transmission.
The reversibility of antibody-mediated dysautonomia in EAAN suggests that AAN in humans may also be reversible, at least in its early stages. Strategies to remove the pathogenic antibodies, to improve ganglionic synaptic transmission, and to repopulate the synapse with AChR would be expected to improve autonomic function in patients.
